In many species, males may exhibit alternative life histories to circumvent the costs of intrasexual competition and female courtship. While the evolution and underlying genetic and physiological mechanisms behind alternative reproductive tactics are well studied, there has been less consideration of the ecological factors that regulate their prevalence. Here, we examine six decades of age composition records from thirty-six populations of sockeye salmon (Oncorhynchus nerka) to quantify associations between spawning habitat characteristics and the prevalence of precocious sneakers known as 'jacks'. Jack prevalence was independent of neutral genetic structure among stream populations, but varied among habitat types and as a function of continuous geomorphic characteristics. Jacks were more common in streams relative to beaches and rivers, and their prevalence was negatively associated with stream width, depth, elevation, slope and area, but positively related to bank cover. Behavioural observations showed that jacks made greater use of banks, wood and shallows than guard males, indicating that their reproductive success depends on the availability of such refuges. Our results emphasize the role of the physical habitat in shaping reproductive tactic frequencies among populations, likely through local adaptation in response to variable fitness expectations under different geomorphic conditions.
Introduction
In species where sexual selection is intense and mating success highly variable, males may adopt alternative reproductive tactics (Gross, 1996; Mank & Avise, 2006) . Individuals employing such behaviours often vary from typical males in size and age at maturity (Gross, 1985; Berejikian et al., 2011) , morphology (Berejikian et al., 2010) , allometry (Flannery et al., 2013) , gamete performance (Flannery et al., 2013; Butts et al., 2017) , trophic ecology (Johnson & Schindler, 2013) , gene expression (Aubin-Horth et al., 2005) , and behaviour (Foote et al., 1997; Berejikian et al., 2010) . While the evolution and proximate genetic and hormonal bases of alternative reproductive tactics have been subject to extensive theoretical and laboratory examination (Gross, 1984; Mank & Avise, 2006; Maugars & Schmitz, 2008) , exploration of the ecological mechanisms regulating their occurrence in wild populations is somewhat scarce. Alternative reproductive phenotypes can affect the strength of sexual selection (Jones et al., 2001 ) and dimorphism (Weir et al., 2016) , have economically relevant demographic consequences (Myers, 1984) , and implications for the management of commercially valuable populations (Peterman, 1982) . As such, it is important to understand the ecological factors that regulate tactic frequencies in the wild.
For many organisms, determining how habitat features influence reproductive tactic frequencies is hindered by uncertainty about the precise spatial distributions occupied during relevant life-history stages, such as during breeding and maturation. Anadromous salmonids offer an excellent opportunity to investigate the relationship between physical habitat characteristics and tactic prevalence due to their finescale population structure and natal philopatry. Male salmon adopting alternative reproductive tactics typically mature early, returning to spawn after a brief ocean residency [i.e. 'jacks' in Pacific Salmon (Oncorhynchus spp.), and 'grilse' in Atlantic salmon (Salmo salar)], or entirely forgoing marine migration altogether (i.e. sexually mature parr in Atlantic and Chinook salmon (O. tshawytscha) ; Fleming, 1996; Johnson et al., 2012) . Such precocious males exhibit small body size and subtle secondary sexual characteristics compared to their older counterparts (often referred to as 'hooknose' males), relegating them to a reproductive tactic that relies on sneaking rather than direct intrasexual competition and female courtship (Gross, 1985; Healey & Prince, 1998) , although they may exhibit such behaviours in the absence of larger competitors (Allen et al., 2007) . While either reproductive tactic (sneaking or fighting) is available to both jacks and hooknoses, the former are unsuccessful at fighting in the presence of larger males, which are almost always present in wild populations, and the latter are largely unable to utilize refuges and sneak effectively (Gross, 1985 (Gross, , 1991b . Consequently, jacks and hooknoses achieve the vast majority of their matings through sneaking and fighting, respectively, such that maturation and reproductive phenotypes are effectively conflated in practice (Gross, 1984 (Gross, , 1991b . Indeed, situations conducive to sneaking will generally favour the reproductive success of jacks and select for early maturation as well.
Alternative maturation phenotypes in salmonids are generally thought to be the result of a conditional strategy in which individuals may assume different lifehistory pathways depending on their physiological status (Gross, 1985; Aubin Horth & Dodson, 2004) . For an individual to mature early, it must achieve a genetically determined population/habitat-specific condition threshold by a particular point in its life cycle (Aubin Horth & Dodson, 2004; Pich e et al., 2008) . Despite their smaller adult size, juveniles that ultimately mature early are the fastest growing and largest at age of their cohort (Hutchings & Jones, 1998; Berejikian et al., 2011) . An individual's ability to acquire resources and efficiently convert them into growth or lipid storage determines whether or not it will achieve the threshold condition necessary for early maturation (Shearer & Swanson, 2000; Shearer et al., 2006) . There is evidence for genetic determination of growth rate and juvenile size among salmonids (Garant et al., 2002 (Garant et al., , 2003 Aubin Horth & Dodson, 2004; Berejikian et al., 2011) , establishing a probable basis for the observed heritability of age at maturity and reproductive tactic (Hankin et al., 1993; Heath et al., 2002) .
In Pacific salmon, the potential fitness advantage of adopting the jack life history is essentially a balance between the relative improvement in survivorship due to factors such as curtailed marine residency (Mathews, 1968) and reduced vulnerability to fisheries ) and terrestrial predators (e.g. brown bears, Ursus arctos; Carlson et al., 2004) , versus the decline in reproductive success incurred by sneaking rather than competing aggressively for direct access to females (Berejikian et al., 2010) . Therefore, the larger the survival differential between jacks and hooknose males, the greater the fitness advantage should be to the former (Gross, 1985 (Gross, , 1991b . Improved reproductive opportunities for sneaking in a given habitat should also increase the potential fitness advantage of adopting the jack life history (Gross, 1985 (Gross, , 1991b . Importantly, the reproductive success of both jacks and hooknose males is negatively frequency dependent, ostensibly due to intensified competition among jacks for sneaking refuges, and among hooknoses for courtship opportunities (Gross, 1985; Berejikian et al., 2010) . At equilibrium, the relative abundance of jacks is expected to be such that their average fitness within the population is roughly equal to that of hooknoses, with each population's equilibrium jack proportion existing as a function of the unique patterns of mortality and reproductive opportunities experienced by its members (Gross, 1984 (Gross, , 1985 (Gross, , 1991b .
In this study, we quantified variation in the prevalence of jacks among spawning populations of sockeye salmon (O. nerka, Walbaum 1792) in the Wood River basin of south-west Alaska. Juvenile sockeye salmon inhabiting these watersheds move from their natal streams shortly after emergence to lacustrine rearing habitats before migrating to the ocean. Consequently, unlike stream-rearing salmonids (e.g. Chinook, coho), sockeye occupy discrete watershed components during rearing and reproduction, allowing the influence of spawning site characteristics on the prevalence of jacks to be examined independently. While within-population associations between local conditions and sneaker prevalence have been observed in other taxa (Gross, 1991a) , data of sufficient temporal and spatial scope to reliably estimate the relative abundance of sneakers over multiple populations are uncommon for most organisms [but see (Healey et al., 2000; Young, 1999; Quinn et al., 2001b; Sch€ utz & Taborsky, 2000; Sch€ utz, 1998) ]. Moreover, in salmonids, environmental factors influencing juvenile growth and condition can produce transient fluctuations in rates of precocity (Gross, 1991b; Koseki & Fleming, 2006 , necessitating long-term data on jack proportions to generate reliable estimates for a population. Here, using six decades of age composition data collected across thirty-six sockeye salmon populations, we apply a Bayesian hierarchical approach to characterize variability in jack proportions among populations and relate this variability to physical Fig. 1 Map of the Wood River system and otolith sampling sites.
spawning habitat characteristics. While previous work in this watershed has demonstrated a relationship between stream characteristics and age at maturity for older males, significant habitat associations with jack prevalence were not detected (Quinn et al., 2001b) .
Materials and methods

Study area
The Wood River basin (59°20 0 N, 148°40 0 W) consists of a series of five interconnected lakes that drain into Bristol Bay (Fig. 1) . The region is relatively free from anthropogenic impacts such as barriers to fish passage or hatchery propagation, the latter being particularly important for this analysis as certain hatchery practices have been shown to increase the relative abundance of jacks (Unwin & Glova, 1997; Hankin et al., 2009) . Salmon in the Wood River system spawn in lake beaches, large rivers or streams, with genetic (McGlauflin et al., 2011; Larson et al., 2014) , morphological (Quinn et al., 2001b) and ecological (Blair et al., 1993; Quinn et al., 2001b; Schindler et al., 2010; Johnson & Schindler, 2013; Lisi et al., 2013) differences between these reproductive ecotypes.
Data collection
Since the 1950s, the University of Washington's Alaska Salmon Program (ASP) has conducted annual censuses throughout the spawning habitats of the Wood River basin. On streams, surveys are typically conducted during peak spawning by personnel walking upstream and visually counting the number of live and dead sockeye salmon of each sex. After reaching the end of viable spawning habitat or a pre-established end point, otoliths are collected from up to 110 haphazardly chosen carcasses of each sex on the journey downstream. In years when limited spawner abundance precludes this volume of sampling, otoliths are collected from all dead fish present. Jacks have been shown to exhibit similar stream arrival timing and reproductive lifespan to older males, suggesting that survey timing should not bias the sample composition for or against their inclusion (Carlson et al., 2004) . On rivers and beaches, otoliths are sampled from carcasses found in shallow water, on banks or sand/gravel bars.
After collection, otoliths are cleaned in soapy water, air-dried and then examined under a dissecting microscope to determine the number of years spent in freshwater and the ocean (Flain & Glova, 1988) . The consistency of otolith sampling has been historically variable across locations and years due to the logistical difficulty of accessing some of the study sites, so we established a minimum threshold of 200 total fish sampled from at least 5 years of surveys for a site to be included in our analysis. The majority of sockeye salmon spawning in the Wood River system spend 1-2 years rearing in lakes and an additional 1-3 years in the ocean. Jacks were identified from their otoliths as fish with a marine age of 1 year (Flain & Glova, 1988; Quinn, 2005) . Most jacks (~92%) in the Wood River system spend only 1 year in freshwater as well, although no distinction in freshwater age was made in our analyses. Because otolith collection samples a population's age composition during spawning, our analyses are based on jack proportions calculated by return year. Sufficient continuous, overlapping, sex-specific abundance and age composition data to reconstruct jack proportions by cohort (brood year) were limited, but followed a similar pattern as the return year data (Fig. S1 , Table S1 ).
We used geomorphology data for lotic sites in the Wood River basin to investigate potential associations with habitat characteristics and relative jack abundance. Watershed-scale variables, including slope, elevation and drainage area, were measured using ArcGIS (v10.0, Environmental Systems Research Institute, Redlands, CA, USA) by Lisi et al. (2013) . In-stream geomorphic characteristics, such as bankfull width, glide/riffle depth and average bank cover width were measured using the method of Pess et al. (2014) .
We also explored evidence for variation in jack prevalence among populations emerging as an artefact of neutral population structure (e.g. founder effects). For instance, if an ancestral population that had evolved a particular jack prevalence colonized a number of streams geomorphically similar to its natal habitat, one might detect a spurious correlation between population jack proportions and geomorphology as a result. To test this alternative hypothesis, the jack prevalence of thirteen Wood River streams was compared to their genetic structure based on previously published data for 90 putatively neutral single nucleotide polymorphisms (SNPs; Dann et al., 2012; Larson et al., 2014) . A complete description of the tissue sampling, DNA extraction and genotyping protocol for these SNPs can be found in Larson et al. (2014) .
To examine whether certain habitat features were used by jacks during spawning attempts that may affect their reproductive success in a given location, we performed an observational study comparing habitat use by jacks and hooknose males during spawning. Observations were performed at three separate streams (Lynx, Fenno and Hidden). At each stream, reaches were identified in which females were actively exhibiting spawning or prespawning behaviours, and both jacks and hooknoses were present. In such reaches, two observers would simultaneously observe and record the behaviours of one jack and one hooknose for a period of ten minutes, with behaviour and occupancy of instream habitat features recorded every fifteen seconds. Behaviours were classified as either approaching females, holding, escaping aggression, pairing alongside a female or repelling another fish. Habitat features were classified as either open pools or riffles, woody debris, banks or shallows. Across all three streams, a total of 19 distinct spawning interactions were observed, generating behavioural data on 19 jacks and 19 hooknose males.
Additionally, we measured carcasses (mid-eye to hypural plate) of recently senescent jacks to determine whether there was variation in body length among populations and whether this variation corresponded with previously described differences in size at age of hooknose males (Quinn et al., 2001b) .
Analysis
Due to the presence of strong (> 0.5) correlations between many of the habitat characteristics measured, 1950 1960 1970 1980 1990 2000 2010 Return year a principal component analysis (PCA; Pearson, 1901) was performed on habitat variables to generate two orthogonal geomorphology axes (referred to as PC1 and PC2). Jack prevalence was modelled using a Bayesian hierarchical framework, which facilitates sharing information between data-rich and data-poor situations (Link & Sauer, 2002) . Under a hierarchical model structure, parameters are estimated simultaneously using all available data, with lower level parameters (e.g. proportion of jacks in location j) considered as random variables drawn from the distributions of higher level parameters (e.g. proportion of jacks across all locations) (Gelman & Hill, 2006) . In all models, the observed number of jacks (J i,j ) at a particular location (j) in a given year (i) was considered to be binomially distributed, with a number of trials equal to the total number of males from which otoliths were collected during a particular sampling event (N i,j ), and some probability of observing a jack (p i,j ).
Due to the presence of overdispersion and lack of fit, specifically with regard to the frequency of zeroes counted (Fig. 2) , extra-binomial variance in the probability of observing a jack (p) was allowed through a conjugate beta prior distribution on the binomial likelihood, which improved model fit.
The shape parameters of the beta distribution (a and b) were parameterized in terms of its mean (l) and concentration (k).
To prevent posterior draws outside the possible range of 0 to 1 for l, this parameter was logit-transformed and then modelled as a linear combination of spawning location (L j ) and year (Y i ), each of which was drawn from a hyperdistribution with its own mean (l L , l Y ) and standard deviation (r L , r Y ).
Relative jack abundance associated with a given location (L j ) was described through a suite of different model structures specifying l L , the first of which was based on the habitat type to which that site belonged (H n , where n = beach, river or stream).
We also considered a model in which l L was based on a population's rearing lake (R k , where k = Aleknagik, Nerka, Little Togiak, Beverley or Kulik).
Model 2: L j $ NðR k ; r L Þ Additionally, we fit a model in which locations were drawn from a common distribution, irrespective of habitat type.
Model 3: L j $ Nðl L ; r L Þ Last, we also considered a model structure in which variation among populations was ignored, and jack proportion was solely a function of year.
Model 4: L j ¼ 0 Among lotic habitats for which geomorphology data were collected (23 streams and one river), we fit a model in which location effects were linear functions of geomorphology PCA axes.
Additionally, we considered an alternative formulation of model 5 in which the intercept term (a) was specific to a population's rearing lake (a k , where k = Aleknagik, Nerka, Little Togiak or Beverley, as geomorphology data were not available for any Kulik Lake populations).
Hyperpriors for r L , and r Y , were drawn from broad uniform distributions from 0 to 1000. R k , H n , a, b and l L (unless otherwise specified) were drawn from vague normal distributions with a mean of 0 and standard deviation of 10 6 , and l Y was fixed at 0. The concentration parameter (k) was drawn from a uniform distribution from 1 to 100, as the parameterization of the beta distribution used does not allow values less than one for this term (Kruschke, 2014) . Alternative ranges for these priors were attempted and did not substantially alter model outcomes. Posterior distributions were sampled using Markov chain Monte Carlo (MCMC) routines executed by Just Another Gibbs Sampler (JAGS; Plummer, 2003) version 4.2.0 implemented in R (R Foundation for Statistical Computing 2015) using the 'rjags' (Plummer, 2013) , 'R2jags' (Su & Yajima, 2012) and 'runjags' (Denwood, 2016) packages. Convergence was assessed via the Gelman-Rubin diagnostic (Gelman & Rubin, 1992) , which was <1.01 for all parameters.
Additionally, trace plots and correlograms of each chain for each parameter were examined to assess autocorrelation. Goodness of fit was assessed by plotting the predictive distribution relative to the observed data (posterior predictive check), model performance was validated using simulated data, and where applicable, model selection was performed using the widely applicable information criterion (WAIC) assuming a binomial error structure. WAIC is well suited for evaluating the predictive accuracy of Bayesian models (Watanabe, 2010) and is applicable to hierarchical designs (Hooten & Hobbs, 2015) .
To test whether similarity in jack proportions among populations corresponded with genetic differentiation, we compared pairwise F ST values among thirteen stream populations to pairwise differences in median posterior estimates for their jack prevalence using Mantel's test with 100 000 randomizations. Additionally, we plotted symbols scaled chromatically by median posterior estimates for each population's jack prevalence over a neighbour-joining tree based on Nei's D A distance for 90 neutral SNPs (Dann et al., 2012; Larson et al., 2016b) . Genetic structure in the Wood River basin is relatively shallow and largely driven by adaptive differences between reproductive ecotypes (McGlauflin et al., 2011; Larson et al., 2014 Larson et al., , 2016a . As Posterior distributions for parameters from models 5 and 6. Panel 1 shows the distributions of lake-specific intercept terms (a k ) from model 6. Panel 2 shows the distributions for the model coefficients for PC1 (b 1 ) and PC2 (b 2 ) from model 5, and panel 3 depicts the distribution of r L , the standard deviation of the location-level hyperdistribution in models 5 and 6 compared to an intercept-only version without the effects of PC1 and PC2 (grey). Circles indicate medians, and thick and thin lines indicate 50% and 95% Bayesian credible intervals, respectively.
such, only stream populations were included in this analysis to avoid spurious correlations due to variation in genetic structure and jack prevalence among ecotypes.
To examine interactions between habitat use, behaviour, and phenotype, we analysed the counts from our behavioural observations using a four-way contingency table and nested log-linear models assuming Poisson-distributed error. Alternative models were compared, with the significance of particular levels of interaction assessed using chi-square tests of deviance.
With jack proportions estimated from otolith samples, it is possible that variation among populations could emerge through habitat-mediated variability in sizeselective carcass recovery (Zhou, 2002) . To assess any such sampling bias, we compared mean population jack proportions calculated from otolith samples to averages based on visual surveys of live individuals. Within the past 10 years, ASP researchers have distinguished jacks from hooknose males in surveys of live spawning fish in the majority of streams, generating population-specific estimates of jack prevalence that are not subject to potential biases in carcass recovery. Mean jack proportions calculated from otolith samples were regressed against averages derived from live surveys, and the residuals of this regression were in turn regressed against geomorphology axes to assess whether sampling bias varied as a function of habitat characteristics.
Results
For all 36 sites considered, there was similar support for structuring populations by habitat type (model 1, ΔWAIC = 0.39), rearing lake (model 2, ΔWAIC = 0) or within a single common distribution (model 3, ΔWAIC = 0.48). However, there was little support for model 4 (ΔWAIC = 8.41), in which only interannual variation was considered, and site-level effects on jack prevalence were ignored. The effects of spawning habitat type and rearing lake were confounded as each lake differs substantially in its composition of habitat types (Figs 1 and 2) . However, structuring location effects by their habitat type reduced the residual error term (r L ) while structuring locations by rearing lake did not, despite the additional number of fixed effects (five lakes versus three habitat types; Fig. 3 ). Median posterior estimates of jack proportions in stream, beach and river spawning populations were approximately 0.006, 0.004 and 0.002, respectively (Fig. 3) .
Axes one and two of the principal component analysis explained the majority of variability in stream geomorphic characteristics considered, accounting for 44% and 33% of the total variance, respectively. Bankfull width, riffle depth, glide depth and drainage area loaded positively onto the first axis, while the second axis described an increasing gradient of watershed slope and elevation, and decreasing bank cover width (Fig. 4) . Jack prevalence was negatively associated with PC axis 1 (b 1 median = À0.236; 95% credible interval = À0.380 to À0.090) and positively associated with PC axis 2 (b 2 median = 0.195, 95% credible interval = 0.026 to 0.367). These results suggest that small, shallow, flat, low-elevation streams with substantial bank cover favour greater jack prevalence (Fig. 4) . Inclusion of geomorphology axes reduced the locationlevel error term (r L ) by approximately 32% (Fig. 5 ).
The addition of lake-specific intercept terms (model 6) failed to substantially improve model fit from the single intercept structure (model 5; ΔWAIC = 0.71) or explain any additional residual variance in jack prevalence among locations (Fig. 5) . Moreover, with the exception of Little Togiak, median lake effects in model 6 were generally similar to one another (Fig. 5 ). There was a strong, significant relationship between jack proportions calculated from otolith samples and those based on live censuses, with very little of the deviation between these estimates explained by geomorphology (Fig. S2 ).
There was no significant difference in associations with habitat features and behaviours between jacks and hooknose males across the three streams at which observations were made (Lynx, Fenno and Hidden; v 
.229, P < 0.001) were each significant. These results indicate that jacks and hooknoses differ in both habitat use and behaviour and that the nature of these differences varies across streams. The relative distribution of habitat occupancy and behaviours among phenotypes indicates that jacks made comparatively greater use of refuges such as undercut banks, woody debris and shallow areas, primarily to hold, escape aggression or approach females (Fig. 6 ). Among sites, jacks exhibited greater use of pools, banks and woody debris in Lynx creek, equal use of both shallows and woody debris in Hidden creek and relatively greater use of shallow areas at Fenno Creek (Fig. 6) . Conversely, hooknose males made little use of structural features, spending most of their time in open pools or riffles approaching or actively courting females (Fig. 6) .
There was no statistical support for an association between neutral genetic differentiation and similarity in estimated jack prevalence (Mantel R = 0.3, P ≥ 0.08). Within each basin, some genetically proximate streams also exhibited similar estimates of jack prevalence, although this was not always the case (e.g. Teal Creek, Fig. 7) .
Body lengths of jacks were somewhat variable, but uncorrelated with variation in the lengths of older fish across populations (Fig. 8) . Correlations between the average lengths of jacks and ocean age two (Pearson's q = 0.07, t 19 = 0.31, P ≥ 0.75) and three (Pearson's q = À0.02, t 19 = À0.11, P ≥ 0.90) fish were not significant. In contrast, the average lengths of older age classes were significantly correlated across populations (Pearson's q = 0.51, t 19 = 2.62, P < 0.05). A population's average percentage of males with a marine residency of 3 years is positively related to stream width (Quinn et al., 2001b) , and both of these variables were negatively correlated with jack prevalence (Fig. 9) .
Discussion
Our results demonstrate that jack prevalence varies consistently among stream populations of sockeye salmon as a function of geomorphology, with some limited support for differences among discrete spawning habitat types (i.e. reproductive ecotypes) as well. There was no evidence of geomorphically based sampling bias, suggesting that habitat-mediated intrasexual and natural selection regimes regulating the fitness of jacks likely contribute to the observed variability among stream populations. It is difficult to disentangle the effects of rearing lake from habitat type as the majority of streams are found in lakes Aleknagik and Nerka, the majority of beaches are found in Lake Beverley, and Little Togiak and Kulik lakes are each represented by only a small number of populations each. However, inclusion of lake effects failed to explain additional variation in jack prevalence among populations at the system-wide scale (Fig. 3) , or among lotic populations only (Fig. 5) . Nonetheless, because live count data were not available for beach or river populations, we cannot rule out sampling bias as a possible explanation for the observed differences between habitat types and recommend these results be interpreted cautiously.
In a review of data on the reproductive success of sneaking by smaller males among salmonids, Hutchings and Myers (1988) concluded that its effectiveness is negatively related to the size differential between males, presumably a function of the positive relationship between gonad size, sperm volume and body size (Moller, 1991; Foote et al., 1997) . While we observed variation in the lengths of jacks across populations, this variability was not coherent with variation in the length at age of older males, suggesting that the size differential between phenotypes may be reduced in populations with smaller hooknose males. It is possible that variation in the size of jacks does not track that of their older counterparts because the decision to adopt the jack life history is made in freshwater (Vøllestad et al., 2004) . If so, jacks would accumulate the majority of their body mass at sea after having already reached the threshold to mature after their first ocean year, decoupling marine growth from the maturation decision. Moreover, jacks may not experience the same habitat-mediated selection on body size as older males if they are not subject to substantial bear predation (Quinn & Kinnison, 1999; Ruggerone et al., 2000; Carlson et al., 2004) or limited spawning site accessibility Log bankfull width (m) Fig. 9 Relationship between posterior median jack proportions for lotic habitats based on model 1 and the natural logarithm of bankfull channel width (excluding the Wood River and Grant River for which data were not available). Characters are scaled in size by each population's average percentage of males with a marine age of 3 years. Quinn et al., 2001b; Ramstad et al., 2010) across the full range of potential body sizes for marine age one fish.
Previous morphometric analyses on sockeye salmon have shown that adult body size is largest in beach spawners, followed by river and then stream fish (Quinn et al., 2001b) . Among lotic habitats (rivers and streams), both size at age and duration of marine residency are positively related to channel width and depth (Quinn et al., 2001b) , with individuals spending 3 years in the ocean reaching substantially larger body sizes than marine age two fish. Consequently, stream spawning jacks, particularly those occupying shallow, narrow habitats, may enjoy better reproductive success due to their greater relative size among males in the population. Direct comparison between jack prevalence and the average size differential between jacks and older fish among populations indicated a weak, negative relationship (Fig. S3) . It should also be noted that the negative association of jack prevalence with stream width and depth is consistent with patterns in the age composition of hooknose males (Quinn et al., 2001b) and may simply be an extension of a general relationship between these habitat characteristics and salmon age at maturity.
Morphological variation in salmon across habitats is strongly associated with variability in bear predation pressure, which is constrained by geomorphology as well (Quinn et al., 2001b) . Bear predation on salmon is thought to be minimal in beaches and large rivers and is negatively related to channel depth and width in streams (Quinn et al., 2001b) . Given that jacks are less vulnerable to bears due to their reduced body size (Quinn & Kinnison, 1999; Ruggerone et al., 2000; Quinn et al., 2001a; Carlson et al., 2004) , the relative survivorship advantage of the jack life history in shallow, narrow streams where predation risk is high is likely greater than in larger streams, beaches or rivers. A greater survivorship advantage should elevate the fitness of jacks relative to typical males, increasing the proportion at which their mean fitness remains equal to that of their older counterparts (Gross, 1984 (Gross, , 1985 (Gross, , 1991b .
According to published anecdotal descriptions of spawning events, jacks typically occupy satellite positions downstream of a spawning pair, taking refuge under banks, in shallow areas, side channel pools or near tree limbs or other debris before rapidly approaching to spawn on the opposite, free side of the female at the onset of oviposition (Gross, 1985; Foote et al., 1997; Carlson et al., 2004; Berejikian et al., 2010) . As such, availability of sneaking refuges is likely important to the reproductive success of jacks. Our results indicate greater jack prevalence in small, shallow streams of low elevation and slope with substantial bank cover. Undercut banks tend to occur in low-gradient watersheds where riparian vegetation stabilizes the soil such that the surface of the bank remains intact despite erosion at the base. The observation that jacks are more common in locations with substantial bank cover is consistent with theoretical expectations that habitats containing ample sneaking refuges should support populations with greater jack prevalence (Gross, 1984 (Gross, , 1985 (Gross, , 1991b . Use of undercut banks for sneaking by jacks has been described previously (Carlson et al., 2004) , and our own behavioural study shows that jacks are more likely to use banks than hooknose males, particularly for holding and approaching females. Low-gradient streams also exhibit greater concentrations of dissolved organic carbon (Jankowski et al., 2014) , decreasing water transparency and potentially facilitating surreptitious spawning advances by jacks (Gross, 1991b) . Additionally, use of shallow areas as sneaking refuges (Gross, 1985 (Gross, , 1991b Berejikian et al., 2010) may improve reproductive opportunities for jacks in streams with shallow spawning habitats (glides and riffles), potentially contributing to the negative association between jack prevalence and PC1.
The observed variation in jack proportions among populations could be partially attributable to the size selectivity of the Bristol Bay gillnet fishery. Assuming that jacks comprise a negligible portion of catches due to their reduced body size Kendall & Quinn, 2012) , variable exploitation rates of older males across populations may differentially skew proportions of jacks in the escapement. For instance, fishing pressure for Bristol Bay sockeye salmon has been shown to disproportionately affect populations composed of larger-bodied individuals ) such that jacks, likely experiencing equally negligible fishing mortality across populations, may comprise a greater portion of the escapement in such populations as a result. However, adjusting the recorded jack proportions by exploitation estimates of ocean age-2 and 3 fish calculated for five populations from 1963 to 2007 by did not alter the rank-order of model-predicted jack proportions among these populations (Fig. S4 ). As such, we have no evidence to suggest that the observed variation among populations in jack prevalence is an artefact of fishery selectivity.
There was no significant association between genetic similarity and jack prevalence among stream populations, suggesting that the observed habitat associations did not merely arise as an artefact of neutral population structure (e.g. founder effects). Moreover, genetic structure in the Wood River system is shallow, with an overall F ST of~0.01, and no significant differentiation between any population pair presented in Fig. 7 (Larson et al., 2014 (Larson et al., , 2016b . As such, it appears more likely that geomorphic associations with population jack prevalence are the result of adaptive evolution in response to local habitat conditions. Such an explanation is similar to the 'recurrent evolution' hypothesis of sockeye salmon life-history ecotypes (Wood et al., 2008; Ramstad et al., 2010) . Under this model, strays from a loosely differentiated ancestral ecotype colonize available lake habitat between glaciation events, leading to the recurrent parallel evolution of locally adaptive traits among polyphyletic lineages. Similarly, we propose that a population's proportion of jacks is the result of local adaptation to population-specific habitat conditions regulating the relative fitness of the jack life history. A genetically based threshold for early maturation is likely the proximate trait on which adaptive evolution operates (Aubin Horth & Dodson, 2004; Pich e et al., 2008) , such that in populations where the relative fitness of jacks is higher, the maturation threshold is relaxed relative to the population average condition.
Discussions of the evolution and maintenance of alternative reproductive tactics have historically emphasized population-level characteristics, such as variance in reproductive success, and frequency dependence (Gross, 1996; Shuster & Wade, 2003; Mank & Avise, 2006) , while analyses of their reproductive viability typically occur at the organismal and cellular scale (Taborsky, 1998; Flannery et al., 2013; Butts et al., 2017) . Our results support assertions that ecological factors also play an important role in the evolution and fitness of alternative reproductive tactics (Taborsky, 2001) , likely through local adaptation driven by habitat-mediated section on tactic frequencies. Alternative reproductive phenotypes are thought to invade a population when their fitness at low frequency exceeds the average fitness of the 'primary' tactic (Shuster & Wade, 2003) , persisting in an evolutionarily stable state through frequency-dependent selection. Our findings suggest that habitat quality can shape the fitness benefits presented to individuals by adopting a given tactic and regulate the strength of frequency-dependent selection acting within a population. These results lend support to previous theoretical (Gross, 1984 (Gross, , 1985 (Gross, , 1991b (Gross, , 1996 and empirical (Sch€ utz, 1998; Sch€ utz & Taborsky, 2000) work emphasizing the importance of ecosystem-level characteristics in shaping reproductive tactic frequencies, and underscore the importance of considering ecological influences in models of mating system evolution (Alonzo & Sinervo, 2001; Taborsky, 2001) . thank Neala Kendall for providing population-specific fishery selectivity estimates, Jim and Lisa Seeb for valuable insights in the interpretation of genetic data and Curry J. Cunningham, Thomas P. Quinn, Andre E. Punt and Barry A. Berejikian for helpful reviews of earlier drafts. We especially thank the staff, students and faculty of the ASP who have assisted with collection of long-term monitoring data over the decades. Any use of trade, product or company name is for descriptive purposes only and does not imply endorsement by the U.S. Government.
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